Abstract. This study was performed to investigate the effect of partial zona pellucida incision by piezo micromanipulation (ZIP) on the in vitro fertilizing ability of stored mouse spermatozoa. The storage conditions were optimized by storing the mouse epididymides at 4 C in mineral oil or in the mouse body for up to 4 days after death, and the retrieved spermatozoa were used to fertilize fresh oocytes. No significant difference was observed in fertilization rates between the treatments when epididymides were stored for up to 2 days, but the fertilization rates in mineral oil were higher (P<0.05) than those in the mouse body at 3 (41.4 vs. 16.2%) and 4 days (26.0 vs. 15.8%). Spermatozoa retrieved from epididymides stored in mineral oil were then used to fertilize fresh and vitrified oocytes with or without ZIP treatment. The fertilization rates of the ZIP fresh oocytes were higher than those of the zona-intact oocytes at each time point (1 to 4 days). After ZIP, the fertilization rates of spermatozoa stored for 1 and 2 days (91.2 and 86.6%, respectively) were similar (P>0.05) to that of fresh spermatozoa (91.9%). In regard to vitrified oocytes, the fertilization rates of zona-intact and ZIP oocytes using fresh spermatozoa were 46.7 and 84.7%, while the fertilization rates of vitrified ZIP oocytes using spermatozoa stored for 1 to 4 days ranged from 49.3 to 79.6%. When 2-cell embryos derived from ZIP fresh and vitrified oocytes inseminated with 2 day-stored spermatozoa were transferred into recipient females, 47.9 and 15.0% of the embryos developed to term, respectively. These results indicate that storing mouse epididymides at 4 C in mineral oil is more suitable than storage in the mouse body and that the ZIP technique improves the in vitro fertilizing ability of stored mouse spermatozoa in fresh oocytes and significantly increases the fertilization rate of vitrified oocytes with fresh spermatozoa. Key words: Epididymal spermatozoa, In vitro fertilization (IVF), Mouse, Piezo-assisted micromanipulation, Vitrification (J. Reprod. Dev. 54: [107][108][109][110][111][112] 2008) he epididymis is an essential organ for sperm development and storage. The epithelial cells of the epididymis can secrete certain proteins to promote maturation of spermatozoa [1] [2] [3] , and the specific environment within the epididymis, characterized by a low pH and hyperosmotic pressure, allows spermatozoa to survive for several weeks [4, 5] . Spermatozoa retrieved from the epididymides of dead animals retain the ability to penetrate and fertilize female gametes and can be used in genetic preservation of endangered male animals. Recently, some studies on preserving the epididymis at refrigerator temperatures in order to retrieve spermatozoa for in vitro fertilization (IVF) or artificial insemination have been carried out in deer [6] [7] [8] [12] . Research on storage of the mouse epididymis is important since the mouse is most commonly used in biomedical research. Shipping the refrigerated epididymides (spermatozoa) of mouse strains avoids the high cost for transportation of live animals or cryopreserved gametes and the risk of spreading diseases from live mice in recipient colonies. The mouse epididymis might be preserved directly in the body of the male carcass or removed and stored in mineral oil at low temperature. Normal fetuses have been obtained after transferring embryos produced from stored mouse spermatozoa. An et al. [13] stored euthanized male mice at 4-6 C for up to 7 days and demonstrated that the recovered spermatozoa had the ability to fertilize oocytes. Research by others has also shown that high proportions of mouse oocytes can be fertilized in vitro with spermatozoa obtained from the epididymis after storage in mineral oil at low temperature [14, 15] . To develop an effective method for short-term, non-frozen storage, Sankai et al. [16] compared six simple methods including the above two with respect to the motility of spermatozoa and showed that, either in mineral oil or within the body, a high percentage of progressively motile spermatozoa can be obtained from the epididymis stored for 8 days at 5 C. Thus, it is worthwhile to compare the fertilizing ability of spermatozoa within epididymides stored in mineral oil and in the body of the male.
(J. Reprod. Dev. 54: [107] [108] [109] [110] [111] [112] 2008) he epididymis is an essential organ for sperm development and storage. The epithelial cells of the epididymis can secrete certain proteins to promote maturation of spermatozoa [1] [2] [3] , and the specific environment within the epididymis, characterized by a low pH and hyperosmotic pressure, allows spermatozoa to survive for several weeks [4, 5] . Spermatozoa retrieved from the epididymides of dead animals retain the ability to penetrate and fertilize female gametes and can be used in genetic preservation of endangered male animals. Recently, some studies on preserving the epididymis at refrigerator temperatures in order to retrieve spermatozoa for in vitro fertilization (IVF) or artificial insemination have been carried out in deer [6] [7] [8] , pigs [9] , dogs [10] , sheep [11] and humans [12] . Research on storage of the mouse epididymis is important since the mouse is most commonly used in biomedical research. Shipping the refrigerated epididymides (spermatozoa) of mouse strains avoids the high cost for transportation of live animals or cryopreserved gametes and the risk of spreading diseases from live mice in recipient colonies. The mouse epididymis might be preserved directly in the body of the male carcass or removed and stored in mineral oil at low temperature. Normal fetuses have been obtained after transferring embryos produced from stored mouse spermatozoa. An et al. [13] stored euthanized male mice at 4-6 C for up to 7 days and demonstrated that the recovered spermatozoa had the ability to fertilize oocytes. Research by others has also shown that high proportions of mouse oocytes can be fertilized in vitro with spermatozoa obtained from the epididymis after storage in mineral oil at low temperature [14, 15] . To develop an effective method for short-term, non-frozen storage, Sankai et al. [16] compared six simple methods including the above two with respect to the motility of spermatozoa and showed that, either in mineral oil or within the body, a high percentage of progressively motile spermatozoa can be obtained from the epididymis stored for 8 days at 5 C. Thus, it is worthwhile to compare the fertilizing ability of spermatozoa within epididymides stored in mineral oil and in the body of the male.
Due to the length and temperature of storage, the fertilizing ability of recovered spermatozoa would inevitably be compromised. Therefore, it is most likely necessary to find an effective artificial assisted reproduction technique (ART) to improve the fertilization rate when using refrigerated spermatozoa. For subfertile or even immobile spermatozoa, a technique of intracytoplasmic sperm injection (ICSI) could be used to fertilize oocytes [17, 18] , but the efficiency of ICSI is commonly affected by injection time [19] , mouse strain [20] and experience of the operator [21, 22] , which limits its application in routine IVF. The partial zona pellucida dissection (PZD) technique could also be applied for IVF using stored spermatozoa [23] . During the PZD procedure, a high concentration of sucrose is needed for shrinking the cytoplasm to avoid oocyte damage by zona-cutting apparatuses. Embryos resulting from PZD must be cultured in vitro to the morula or blastocyst stage because the blastomeres are easily lost due to the relatively large artificial incision after transfer at the 2-cell stage. Sucrose pretreatment and culture after fertilization increase the complexity of the PZD technique. However, the zona pellucida incision by piezo micromanipulation (ZIP), which has been developed as a method for improving the fertilizing ability of cryopreserved spermatozoa, is advantageous in regard to fertilization and subsequent 2-cell embryo transfer [24] . The ZIP technique is less harmful to the oocyte, and the size of the incision can be easily controlled to avoid blastomere loss in comparison with the PZD technique [24] .
In the present study, we firstly examined the fertilizing ability of mouse spermatozoa retrieved from epididymides stored at refrigerator temperature. We then examined the effect of the ZIP technique on improvement of the fertilizing ability of fresh and stored spermatozoa using fresh and vitrified oocytes.
Materials and Methods

Animals
Kunming (KM) mice (Grade II, Academy of Military Medical Science, Beijing, China) were raised in our animal facility under conditions of controlled temperature (20 to 25 C) and lighting (14 h per day). Sex-mature male mice from 10 to 15 weeks of age (35 to 40 g of body weight) were used for epididymis storage, and female mice from 5 to 10 weeks of age (20 to 35 g) were used as oocyte donors and embryo recipients.
Reagents and media
All chemicals and media were obtained from Sigma-Aldrich Chemical (St. Louis, MO, USA) unless otherwise stated. Human tubal fluid (HTF) medium [25] was used for IVF of mouse oocytes and subsequent culture, which was maintained at 37 C in an atmosphere of 5% CO2 in air. M2 medium was used for oocyte collection and subsequent treatments, including micromanipulation, which was maintained in air. For oocyte vitrification, the pretreatment solution consisted of 10% ethylene glycol (EG) + 10% dimethylsulfoxide (DMSO) in phosphate-buffered saline (PBS; pH7.4) supplemented with 3 mg/ml bovine serum albumin (BSA), and the vitrification solution consisted of 15% (v/v) EG and 15% (v/v) DMSO in the PBS/BSA supplemented with 300 mg/ml Ficoll 70 and 171, 2 mg/ml sucrose, defined hereafter as EDFS30.
Storage of epididymides
Sex-mature male mice were euthanized by cervical dislocation. Epididymides were preserved using two storage methods. (1) Epididymides were stored at 4 C within the mouse body, which was enclosed in a plastic bag with a seal stopper and placed in a refrigerator or (2) the epididymides were removed together with a part of the corpus epididymis and vas deferens, and then each epididymis was stored at 4 C in a 2-ml cryogenic vial that was filled with 1 ml mineral oil. Fresh epididymis was used as a control.
Collection of oocytes
Female mice were induced to superovulate by intraperitoneal injection of 10 IU of pregnant mare's serum gonadotropin (PMSG; Ningbo Hormone Products, Jiangsu, China) and 10 IU of human chorionic gonadotropin (hCG; Ningbo Hormone Products) given 48 h apart. Oocytes were collected from oviducts 14-15 h post hCG injection. Cumulus cells were removed by treatment with 300 units/ml hyaluronidase in M2, and then the oocytes were washed and kept in HTF medium at 37 C in 5% CO2 in air until use.
Vitrification of oocytes
The vitrification procedure was essentially that described by Zhou et al. [26] . Briefly, a 0.25-ml plastic straw (IVM, L'Aigle, France) was used for making an open pulled straw (OPS) [27] , which had a narrow tip with an inner diameter of 0.10 to 0.15 mm and a wall thickness of 0.05 mm. Oocyte handling before cooling and after warming was conducted on a 37 C hot-plate (Wenesco, Chicago, IL, USA), and the ambient temperature was maintained at 25 ± 0.5 C. Oocytes were pretreated in 10% EG + 10% DMSO for 30 sec and then transferred to EDFS30 solution. They were then picked up by the narrow end of the OPS within 25 sec, and the OPS was immediately plunged into liquid nitrogen (LN2). About 10 oocytes were loaded into each OPS, which was stored in LN2 for at least 24 h. For warming, the OPS was taken out from the LN2 container, and the narrow tip of the OPS was immersed in 1 ml of prewarmed 0.5 M sucrose. The oocytes were expelled from the OPS with a mouth pipette and immediately transferred into another drop of the same solution for 5 min to dilute the cryoprotectants. The recovered oocytes were washed 3 times in PBS (supplemented with 3 mg/ml BSA) and evaluated under a stereomicroscope. Morphologically normal oocytes were cultured in HTF medium in an incubator (37 C in 5% CO2 in air) for IVF or zona incising.
ZIP of oocytes
The procedure for ZIP was performed as described by Kawase et al. [24] . Briefly, micropipettes were prepared from thin-wall glass capillary tubes (Zhongtian Tech, Beijing, China) and pulled using a horizontal puller (Narishige, Tokyo, Japan). A microforge (Narishige) was used to cut pulled micropipettes and polish holding pipettes. The inner diameter of the ZIP pipette was 6 to 8 μm at its end. A small volume (approximately 0.5 μl) of mercury was filled into the ZIP pipette, which was connected to the hydraulic syringe system of a piezo electric actuator (PMM 150 FU; Prime Tech, Ibaraki, Japan) attached to a micromanipulator (Leica, Wetzlar, Germany). The zonae pellucidae of denuded oocytes were incised at room temperature (20 to 25 C). Each oocyte was suctioned with the holding pipette at the 9 o'clock position so that a large perivitelline space appeared at the opposite side. The blunt end of the ZIP pipette was placed closely to the surface of the zona pellucida, and then piezo pulses (controller settings: speed 2-3, intensity 2-3) were applied to cut the zona pellucida. The pipette was moved along the surface of the zona pellucida until an incision (approximately 10 × 25 μm) was produced at the 3 o'clock position. Care was taken to avoid direct contact of the pipette tip with the oocyte plasma membrane. On average, it took 15-20 min to treat 50 oocytes. The ZIP oocytes were cultured in HTF medium for at least 1 h before IVF.
IVF, embryo culture and embryo transfer
Fresh and stored epididymides were used for IVF. Each epididymis was cut into pieces in a 500 μl drop of HTF medium in a culture dish covered with mineral oil. The spermatozoa retrieved from each epididymis were suspended and preincubated at 37 C in 5% CO2 in air for 1-1.5 h at a concentration of 0.5 to 1 × 10 8 cells/ ml. Oocytes were placed into a 70 μl drop of HTF medium under mineral oil in which a small amount of sperm suspension was added to yield a final sperm concentration of approximately 5 × 10 5 cells/ml. At 5 h after insemination, the embryos were removed from the fertilization drop, washed in HTF medium and cultured in 50 μl drops of HTF medium. At 24 h after insemination, the embryos were examined and those that cleaved into two equal blastomeres were considered to be fertilized. The number of 2-cell embryos was scored. Embryos were either cultured to the blastocyst stage for 4 days to assess in vitro development or surgically transferred into the oviducts of pseudo-pregnant mice for evaluation of in vivo development.
Statistical analysis
Each experiment was independently repeated three times. The data derived from IVF and subsequent development in vitro were subjected to arcsine transformation in each replication. The transformed values were analyzed using one-way ANOVA (SAS Institute, Cary, NC, USA). When there was an effect of treatment (P<0.05), differences were located using the Tukey test. The data derived from embryo transfer were analyzed using Chi-square tests. Values of P less than 0.05 were considered to indicate statistical significance.
Results
Fertilization rates of epididymal spermatozoa stored at 4 C
As shown in Table 1 , the fertilizing ability of stored spermatozoa declined along with the increase of storage days and was lower than that of fresh control spermatozoa. Comparing the two storage methods, no significant difference was observed in fertilization rates when epididymides were stored for up to 2 days (71.0 and 51.6% vs. 75.0 and 50.0%, P>0.05). However, the fertilization rates after epididymis storage in mineral oil were higher than those in the mouse body at 3 (41.4 vs. 16.2%, P<0.05) and 4 days (26.0 vs. 15.8%, P<0.05).
IVF of oocytes with epididymal spermatozoa stored in mineral oil
Spermatozoa retrieved from epididymides stored in mineral oil were used to fertilize fresh and vitrified oocytes with or without the ZIP treatment. As shown in Table 2 , the fertilization rates of ZIP fresh oocytes were higher than those of zona-intact oocytes at each time point (1 to 4 days), and the fertilization rates of spermatozoa stored for 1 and 2 days (91.2 and 86.6 %, respectively) were similar to that of fresh spermatozoa (91.9%, P>0.05). When vitrifiedwarmed oocytes with normal morphology were fertilized with fresh spermatozoa, the fertilization rate was 46.7%, which was significantly lower (P<0.05) than those of fresh zona-intact oocytes (86.1%) and vitrified ZIP oocytes (84.7%). In regard to ZIP vitrified oocytes, both fresh and spermatozoa stored for up to 2 days showed no significant difference in fertilization rate. When fertil- The data for the fresh oocyte group are the same as in Table 1 . ized with spermatozoa stored for 4 days, the fertilization rates of ZIP fresh and vitrified oocytes declined to 53.4 and 49.3%, respectively, which were significantly lower than those of fresh spermatozoa (P<0.05).
In vitro development of 2-cell embryos derived from IVF
In vitro development of 2-cell embryos is summarized in Table  3 . When ZIP fresh oocytes were fertilized with stored spermatozoa, the percentages of 2-cell embryos developed into blastocysts were 84.5 to 91.7%, which was similar (P>0.05) to the percentage of ZIP fresh oocytes fertilized with fresh spermatozoa (92.1%) and those of zona-intact oocytes fertilized with stored spermatozoa (87.8-91.5%). Many of the 2-cell embryos from the vitrified ZIP oocytes (49.0-67.6%) also developed into blastocysts, but the percentages were significantly lower than those for fresh ZIP oocytes (84.5-92.1%, P<0.05).
In vivo development of 2-cell embryos derived from IVF
When 2-cell embryos derived from fresh zona-intact and ZIP oocytes fertilized with spermatozoa stored for 2 days were transferred into recipient oviducts, 46.3 and 47.9% of the transferred embryos developed to term, respectively (Table 4) . These rates were comparable with that of the control embryos (fresh oocytes and fresh spermatozoa, 50.0%), while transfer of embryos derived from vitrified ZIP oocytes resulted in a lower rate of full-term development (15.0%, P<0.05).
Discussion
Mouse epididymides can be stored at low temperature for a few days, and the retrieved spermatozoa have the ability to fertilize oocytes. Mochida et al. [15] demonstrated that transportation of epididymides preserved in mineral oil at refrigerated temperatures using a commercial courier service was a practical method for exchange of mouse genetic resources. It would be feasible to transport the intact body of a dead mouse under the same conditions for distribution of mouse strains. In the present study, we compared the fertilizing ability of spermatozoa within epididymides stored in mineral oil and in the body of males at 4 C. Our present data revealed that when the storage period lasted for 3 or 4 days, it was more suitable to store mouse epididymides at 4 C in mineral oil than in the body of a male. Storage in mineral oil or in the body is considered to prevent epididymis from drying out and stabilize its specific environment, but degenerative changes in the animal carcass may inevitably impair sperm quality if the storage period is extended for more than 2 days. When storage in the body is used, catabolism of bacteria in the digestive tract should produce gas and fluid, which likely increases impairment of sperm membrane and acrosome integrities [7] . Accordingly, we prefer to preserve the epididymis of the mouse and other species in mineral oil just after death. When the mouse epididymis is stored in mineral oil for up to 3 days, the fertilizing ability of KM mouse spermatozoa with zonaintact oocytes declines to less than 50% (Table 1) , whereas Mochida et al. [15] reported that preserved hybrid mouse (B6D2F1) spermatozoa retain higher fertilization rates (50%) using the same storage period. This difference is possibly due to mouse strain, since the KM mouse belongs to a closed colony, an inbred mouse strain developed from the NIH/Swiss mouse. Because of hybrid vigor, hybrid spermatozoa usually possess better potential for retrieval from cooled storage than inbred spermatozoa. In cryo- preservation of mouse spermatozoa, the viability and fertilizing ability of frozen-thawed spermatozoa are also variable among strains [28, 29] . It is reasonable to correlate the genetic backgrounds of mouse strains with different fertilities and susceptibilities to low temperature. Therefore, more studies concerning mouse strains will be required for extensive use of stored mouse spermatozoa. ART techniques should be applied to stored spermatozoa that have a lower fertilizing ability than desired. Kawase et al. [24] were the first to develop ZIP, a new ART method for improving the fertilizing ability of cryopreserved mouse spermatozoa. As expected, we observed that higher proportions of oocytes were fertilized with stored spermatozoa when ZIP was performed on oocytes. If an artificial incision is made on the zona, less motile spermatozoa can penetrate the zona from the incision and fertilize the oocytes [30, 31] . The ZIP procedure caused little damage to oocytes and can handle a large number of oocytes in a relatively short period of time (approximately 50 oocytes can be treated in 15-20 min). We also found that the fertilization rates of ZIP oocytes using spermatozoa stored for 1 or 2 days were similar to those using fresh spermatozoa, which further supports the feasibility of transporting the refrigerated epididymis within 2 days. We noted that the developmental potential of 2-cell embryos derived from oocytes fertilized in vitro using spermatozoa stored for 1-4 days was no different from that using freshly collected spermatozoa. Our results coincided with those described by An et al. [13] , who showed that 2-cell embryos derived from spermatozoa refrigerated for up to 7 days retained normal developmental potential both in vitro and in vivo. Normal live fetuses have even been acquired by ICSI using immotile spermatozoa retrieved from epididymides stored in a mouse cadaver at 4 C for 20 days [17] and frozen at -80 C for 5-7 months [18] . Thus, it is reasonable to assume that storing the mouse epididymis at low temperature for a relatively short period has little adverse effects on the ability of spermatozoa to support development of the oocyte. It is more convenient to use cryopreserved mouse oocytes than fresh ones for fertilization with refrigerated spermatozoa because fresh oocyte collection must be conducted 3 days before IVF in the conventional superovulation regime, which might be mismatched with the optimal usage period of refrigerated spermatozoa. In the present study, the fertilization rate of vitrified zona-intact oocytes (46.7%) inseminated with fresh sperm was markedly lower than that of fresh zona-intact oocytes (86.1%). The low fertility of vitrified-warmed oocytes in vitro can be attributed to hardening of the zona pellucida due to premature release of cortical granules [32] . When the ZIP technique was used, there was no significant difference in the fertilization rates of vitrified and fresh oocytes ( Table  2 ), indicating that the ZIP technique may be an alternative method to overcome the effect of zona hardening caused by oocyte freezing. However, the rate of 2-cell embryos forming blastocysts or developing to term in the vitrified ZIP group was lower than that in the fresh ZIP group (Table 3 ). This result suggested that the vitrification procedure impaired the development ability of the mouse oocytes, which is consistent with the previous report of George et al. [33] . Changes in the structure of the cytoskeleton, mitochondria and nucleoli induced by vitrification procedures might account for the decreased developmental potential of vitrified oocytes [34] .
Given the detrimental effect of vitrification on mouse oocytes, 15.0% of 2-cell embryos produced after vitrification, ZIP and IVF with stored spermatozoa normally developed to term (Table 4) , which shows that mouse oocytes vitrified by OPS method can be used for IVF with stored spermatozoa.
In conclusion, the present results demonstrated that storage of mouse epididymides at 4 C in mineral oil is more suitable than storage in the mouse body for maintaining sperm fertility and that the ZIP treatment has a positive effect on improving the fertilizing ability of retrieved mouse spermatozoa. Moreover, normal offspring can be produced following transfer of oocytes vitrified, ZIP-treated and in vitro fertilized with retrieved spermatozoa.
